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SUMMARY 

I h n  investigation was conducted 3n the NACA L e w i s  10- by 10-foot 
supeAonic w i n d  tunnel t o  evaluate the performance of a shrouded injector 
burner w i t h  perforated domes employed in a 28-inch ramjet using gaseous 
hydrogen as f ie l .  Steady-state data w e r e  obtained at a pressure  altitude 
of 77,000 feet  and zero mgle of attack. Transient data were obtained at 
pressure  altitudes up t o  ll0,OOO feet  and angles of attack up t o  12O. 

Results of this investigation showed that burning  could be initiated 
under severe d i s t o r t i o n  conditions and that satisfactory  cmbustor  mer- 
ation was accomplished - t o  a pressure altitude of U0,OOO feet with no 
adverse effect on combustim efficiency. Shortening the ccaribustim 
chamber decreased  the carnbustion efficien a y at the higher  equivalence 
ratios.  

INTRODXTION 

Analytical  investigations of gaseous hydrogen (ref. 1) have h d i -  
cated that i ts  high flame speeds and high heating  values make it desir- 
able ar: a fuel for  both turbojets and ramjets. The use of this fuel  per- 
m i t s  increased  range  both through its higher heating  value and through 
reductions in engine weight that result frcm shortening the c d u s t i o n  
M e r  (ref. 2 ) .  

Research with a full-scale combustor in  a cmected-pipe  faci l i ty  
(ref. 3) and with a full-scale w e t  at a  Wch n W e r  of 3.0 (ref. 4) 
demonstrated the applicability of hydrogen as a fuel. Further research 
(ref. 5) on a raqjet burner at simulated  altitudes approaching 120,000 
feet indicated  satisfactory  performace. The Full-scale data of refer- 
ence 4, however, is lfmited to altitudes of about 70,000 feet ,  while the 
direct connected-pipe t e s t s  of reference 5 at higher altitudes are not 
full-scale and en ta i l  virtually distortion-Yree  aperation. 
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Therefore, a full-scale investigation uti l iz ing hydrogen at extremely 
high altitudes and high distortion was  conducted in the Lewis 10- by 10- 
foot supersonic wind tunnel with- a 2.8-inch rapzlet .. me-ramjet engine ii 

incorporated a flameholder  of-khe  design  reported i n  reference 5 and was 
tested with two combustor  Lengths and two nozzle  contraction  ratios. 
The investigation was made a t  a free-stream Mach  number  of 3.6, angles 
of attack up t o  12O, and pressure altitudes up t o  ll0,oOO feet .  

SYMBOLS 

Fn internal  force, lb 

f f'uel-air ra t io  

M Mach  number 

m mass f l o w  (pAv) 

P total pressure 

paax - flaw-distortion parameter 
Pav 

P static  pressure 

r radius t o  each t o t a l  tube at rake s t a t i m  (model statim 
101.0>, measured  from model centerline 

rLmx 

T t o t d  temperature 

maxirmun radius of model 

av average 

c 

L 

-. m i n  m i n i m u m  
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3 diffuser exit station ( m e 1  s t a t i m  129.15) 

4 6 ' nozzle-throat or -exit station 

An aft view of the 28-inch rwet engine, installed in the 10- by 
10-foot  supersmic wind tunnel is presented in figure 1. The engfne 
was strut-mounted frm the top of the tunnel. The supersonic  diffuser 
had a 2Oo-35O double-cone sptke  (fig.  2(a) ) end was designed so that the 
two oblique shocks generated by the spike w o u l d  coalesce at  the car1 
l i p  at a Mach nuniber of 3.3. Spike translation  permitted near-optimum 
inlet operation at Mach nmibers other  than design. The internal cowl- 
l i p  angle was 2 8 . 3 O  and the cowl proJected  frontal area was ll percent 
of maximum. A bypass door Socated at m o d e l  statim 69.3 w a s  positimed 
t o  bleed approximately 4 percent of the in le t  mass flow via  a ram scoap 
located on the spike  shoulder  (fig. Z(b ) ) . The ram scoop is of the de- 
sign reported in reference 6. 

* Internal pressure i n s t m n t a t i m  consisted of a total-pressure SUT- 
vey w i t h  six 9-tube rakes, eight  ataeic  taps, and a slotted or i f ice  (ref. 
7)  at mdel   s ta t ion 101.0. In addition, as indicated in  figure 2(a), 

During steady-state  burning  operation,  exit total pressure was measured 
at the throat of the choked nozzle by a water-cooled ta i l  rake. 

static-pressure taps were located almg the canbustion-chamber wall. 

During transient engine operation,  pressure variations were sensed 
by dynamic pickups and recorded on 8.n oscillograph equipped with mva- 
ncrmeters having natural frequencies of  200 cycles per second. The ta i l -  
rake  total-pressure  tubes were m i f o l d e d t o  a pressure  transducer. 
milpipe  static  pressure (measured at station 170.0), normal-shock- 
position sensing pressure  (station l.O), and diffuser-exit t o t a l  pressure 
(measured by a slotted orifice at station 101.0) were also sensed by 
pressure transducers and recorded. 

Four engine  configurations, A, B, C, and D were investigated dur- 
ing the t e s t  and are  outlined in the following table: 

Configuration Cmbustion- Doane hole Nozzle 
cmt rac t im  chamber length, size, In. 

rat i o  in. 
A 

50.6 114 .70 D 
50.6 114 .55 C 
26.6 318 .55 B 
50.6 3/8 0.55 
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Figure  2(a) also Fndicates the  relative combustion-chamber lengtha and 
exhaust-nozzle  contraction ratios used. Ccmbuatian-chaniber length, 
measured from the point of fuel  injection t o  the exit nozzle thrcat, wa8 b 

nominally  maintained at 50.6 inches except fur configuratian B, which 
ut i l ized a 26.6-inch chamber. Two convergent nozzles n i th  contraction 
ratios of 0.55 and 0.70 were used. 

4 

The burner canfiwatims investigated were based on the design of 
burner 3 in reference 4, with the  addition of perforated d m e s  t o  the 
upstream ends of the fuel-injector shrouds. A i r f l o w  through the  perfor- 
ated domes was varied by a l a r g i n g  the holes from a 1/4-inch  diameter 
(3.3. percent of annuLar f l o w  area of the  burner) t o  a 3/8-inch diameter 
(7.7 percent of the  annular flow area). A photograph of the 1/4-inch- 
diameter-hole burner configuration is presented in figure 3(a), w h i l e  
figure 3(b) shows the 3/8-inch-diameter-hole configuration. 

Figure 4 s h m  the p i l o t  system. To insure ignitian at high alti- 
tudes, a jet  of  hydrogen was  injected in to  the spark gap through a bo&- 
lm electrode. The pi lo t  f u e l  injector in the center of the assembly 
sumlied  the fuel at; carried the flame . t o  the..b.mmer, . . . -" . .. . . . -. 

m 
A schematic diagram of the fue l  system u e d  during  the test  is pre- 

sented in figure 5. The fuel was gaseous  hydrogen supplied In cylindere 
a t  a pressure of2400 pounds per square fnch. For steady-state  burnhg h 

operation,  the  fuel was taken directly from the storage  cylinder  through 
a metering or i f ice  and t h r o t t l b g  valve tg the engine. The pressure dif- 
ferent ia l  across the fuel metering orifice was measured-by a-mercury U- 
tube manometer.  During transient burning operatie,   the t h r o t t l h g  valve 
was positioned by the a i r  pressure in the loading tank. TJx pressure 
varied nearly l inearly w i t h  tW because the air entered the tank through 
a  choked orifice. Fuel-flow information was obtained by recording  the 
pressure  differential  across  the fuel metering or i f ice  and the fuel  valve 
pos it.ion. 

Steady-state burning data were obtained far each configuratian at 
zero eagle of attack and a pressure  altitude of 77,000 feet by operating 
the tunnel an the propulsion  cycle. A t  each vdue of fuel-air  ratio 
desiGated, c%ditigs.were  stabil ized f o r  apprQx@Bteu 2 minutes be- 
fore data were taken. 

. . . . . . . . - - .- - .   . "  . . . .. - " 

Trmgient data were obtained for cafigurakions A and B at angles 
of attack f r a  Oo t o  Eo and pressure  altitudes of 77,000 to 1 1 0 , ~  
feet  by operating the tunnel on the  closed-loqp  cycle. Inasmuch as the 
products &-combustian we; not exhausted while tes t ing   in  this m e r ,  
approximately 2 0  seconds- of transient  operatian were avsilable before 
the tunnel dewpoint became excessive. The f~olbwdng procedure w88 f01- 
Lowed in obtainLng transient data: . . . . . . - 

- 

. .  

c 

s 

. "  
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(1) The pi lot  was lit. 

( 2  ) The engine fuel flow was varied by increasing  the  loading  tank 
pressure  linearly  fran  zero  to  the  pressure corresponding to  the  highest 
equivalence r a t i o  desired in a  time of 10 t o  20 seconds. 

(3) The fuel system was shut down, and air  was purged f r m  tunnel 
until the measured  dewpoint reached -15Ok5O F . 

Combustion efficiency in  both cases (steady-state and transient 
operation) w&s cdculated from the  enthalpy  rise of the gas divided by 
the available  heat  content of the  fuel. The exit t o t a l   t m e r a t u r e  was 
obtained from the exit total  pressure by using  continuity  relations In 
calculations involving transient data, exit  total  pressure was measured 
directly or determined from tailpipe  static  pressure by means of a cal- 
ibration obtained during  steady-state burning. Values used for  enthdpy, 
ra t io  of specific  heats, and gas constant w e r e  obtained from reference 
8. Coribustion-efficiency calculations f o r  the  transient data were some- 
what less  accurate than those  for  the  steady-state  data because of the 
complex  method necessarily employed in obtaining  transient data. 

Inlet  pressure recovery a d  distortion were obtained from the t o t a l -  
pressure  survey at model s t a t i m  101.0. The inlet mass-flow ratio was 
computed frm the stat ic-  and tote-pressure survey a t  this statim and 
a calibration  constant determined fram  cold-flow operatim. 

Inlet Perf ormaTce 

Inlet performance as determined fram cold-flow  operation is pre- 
sented in figure 6. Thrt inlet exhibited  approximately 1l counts of s&- 
cr i t ica l   s tab i l i ty  at zero angle of attack; the maxirmnn pressure re- 
covery was approxUtely 51 percent.   Subcrit ical   stalj i l i ty  fell  t o  7 
counts at 12O angle of attack. No apparent change in the total-pressure 
recovery and mass-flow characteristics due to   a l t i tude  variation is 
indicated. 

Since the inlet  was i n i t i a l ly  designed for shock-on-lip  operation 
a t  a free-stream Mach number of 3.3, inlet  operat ion at a Mach nmiber 
of 3.6 resulted in a spillage loss of approximately 5 percent of the 
total mass flaw. Raril-scoop bleed on the s p s e  shoulder  accm-d f o r  
approximately  another 2- percent of the mass flow. Because of the  spi l l -  
age loss  I the  additive . drag .. coefficient at critical. inlet operation was 

1 
2 
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0.185; thi6.value is based on the maximum mea and determined by the 
mthod outlined In reference 9.. Cm1-pressure-drag coefficient,  also 
based on maximum area and calculated from the e x p e r m t a l  pressme 61s- 
tribution along the cowl surface, vas 0.045: 

DifRzser-flow distortion measured at the mass-flow rake  station 
( m o d e l  station 101.0) i s  presented i n  f igur-e 7.  . Flow distortion in- 
creases  rapidly with increasing  mgle of attack,  as  indicated i n  figure 
7 ( a ) .  There is no apprecialjle  difference In the flow dietortion at- zero 
angle of attack  for burning or cold-flow 6peratim  (fig: 7 ( b ) ) .  Velocity 
profiles  presented i n  f i w . . . 8  correspond.to the points of distortion 
for the highest M3 a t  each angle of attack in figure  7(a). AB angle 
of attack is increased, peak velccities in the upper half of the duct 
s h i f t  toward the centerbody; and the flow Fn the lower half of the duct 
approaches separation. .The profiles at ze ro  %&e ofattack.are  repre- 
sentative of  .the diffuser  conditims under which steady-state burning 
operation was initiated. 

Steady-State B u r n i n g  Performance 

Steady-state burning p e r f o m c e   f o r  the burners. of this investiga- 
tion and f o r  burner 3 of reference 4 are given in figure 9. Although 
burner 3 of reference 4 maintained a high level. of cazibustion efficiency 
over a-relatively large range of equivalence ratios,  the  efficiency de- 
creased  rapidly below an equivalence r a t io  of 0.275. I n  an ef for t   to  
inrprove the combustion efficiency  at  these low values of equivalence ra- 
t io ,  domes were attached  to  the upstream ends of the shrouda enclosing 
the  fuel-injector  bars, a8 reported in reference 5. The purpose of: the 
domes-was t o  improve lean fue l -a i r  ra t io  operaticm and t o  insure mi- 
tion at high al t i tules  by providing a locd. fuel-rich mixture in the 
vicinity of the infector bare. 

The performance curve for configuration C hdicates that-the addl- 
tion of dames with 1/4-inch-diameter holes  resulted in  improved ef f i -  
ciency a t  low equivalence ratios,  as  carpared w i t h  burner 3 of refer- 
ence 4.  The over-all  efficiency  level, however, waa sanewhat lower than 
anticipated, based on the data of .reference 5. . Operation w i t h  a larger 
exit  nozzle (configuration D) and  somewhat higher  equivalence ratios 
also  resulted in low combustion efficiency. 

An increase. in dome flow area  (3/8-inch-dimeter  holes,  configura- 
tion A )  resulted in a much hi&er  level of coiribustion efficiency, with a 
gradual decrease in .efficiency with increasing  equivalence ra t ios .  In or- 
der t o  inrprove  conibustion -efficiency at- high equivalence ratioa,  it-appeare 
that a further increase of airflow through the d&es  would be desirable. 
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The effect of combustion-.chaniber length-* conibustor perfonaance is 
presented in figure 9(b). %e canbustian  efficiency  decreased  rapidly 
as equivalence r a t i a  Fncreased when the conhustion chamber was shortened 
2 feet.  Static-pressure  taps  located along the cornbustor indicated that 
burnhg was noti complete in the 26.6-inch length. . The burner of this 
investigation was affected m e  by shortening the tailpipe than the 16- 
hch-diameter  engine of reference 4. . _ _  

Figure 10 shows the  net  internal  specific impulse obtained with con- 
figuration A (convergent nozzle), t o  indicate  the  order of ma@;nitude ob- 
tained. The dashed curve is the  calculated  net internal specific impulse 
for  100-percent cozribustion efficiency, based on the  diffuser  pressure  re- 
covery of the  data of- configuration A .  I n  both cases,  external drag is 
not included. 

Transient Burning Performance 

A transient  trace,  typical of those used f o r  obtaining combustion 
efficiencies, is presented i n  figure ll. A t  point 0, the  fuel valve 
opens and fuel is admitted to  the burner. A t  point 1, corresponding t o  
an equivalence ratio  of. .O. 103, burner i- i t ion is indicated by a r i s e  in 
the  tai l-rake  total  and ta i lp ipe   s ta t ic  pressure. The sharp r i s e  in 
tail-rake t o t a l  and tailpipe  static  pressure between points 1 and 4 in- 
dicates  a sharp r i s e  i n  ccmbustim efficiency In this region. The r i s e  
in normal-sbock-sens+g static.   pressure  at   point 14 indicates  the inlet 
approaching crit ical   operatian.  . .  . . 

The effect of altitude on combustion efficiency at zero  angle of 
attack  for t w o  engine.canfiguratians is given in figures 1 2  and 13. The 
burner i gn i t ed   a t   a l l  times at zero  angle of attack aad at   pressure  a l t i -  
tudes up t o  ll0,oOO feet. The cmibustion-chariber static  pressure  prior 
t o  ignition  at an alt i tude of 110,000 fee t  w a s  about 80 millimeters of 
mercury or approximately 1/10 atmosphere. Ignition could not be attained 
a t  a combustian-chaniber static pressure of 50 millimeters of mercury 
(altitude, 120,000 f t  ) . 

Performance curves for  configmatLon A (50.6-inch conibustion M e r  
length)  presented Fn figure 12 indicate  satisfactory conibustor perform- 
ance is possible at  the  pressure  altitudes  Investigated. As alt i tude in- 
creased, the equivalence ra t io  necessary for high efficfency  operatian 
increased  steadily  until, at an alt i tude of ll0,OOO feet, an,,equivalence 
r a t io  of 0.250 was necessary t o  attain practical efficiencies. AltStude 
effect on configuration B (26.6-inch  co&ustion M e r  length) at pres- 
sure  altitudes up t o  100,000 feet  is given in  figure 13. Again, data in- 
dicate  that  the combustor performance is satisfactory throughout the   a l t i -  
tude range  and tht the equivalence r a t i o  must be increased with alt i tude 
for  efficient burning. The data, however, are in closer agreement with 
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steady-state burning data than  for  configuratiau A .  In  general, the 
leve l  of C c P r i b u s t i o P l  efficiency is  not  adversely  effected by increasing 
pressure  a l t i tude.  The points numbered on the figure correspond to the 
points  indicated on the t race  of figme ll. 

It was possible  .to igtlite the burner for  configurations A and B at 
angles of a t tack of 6O and 12O a t  pressure  axtitudes 86 hi& as 100,000 
feet. For these conditions,  inlet  distortion  before  ignition would be 
a6 high a6 68 percent, as indicated in figares 7 and 6. Ccmbustion effi- 
ci.encies obtained for these. traces a;ce similar t o  those a t  zero angle of 
a t tack and are not presented. 

The Met-air temperature during burning operatian was 750° R com- 
pared with 1410° R, which would be obtained in flight at the same Mach 
nuniber and a l t i tude .  Because of this lower a i r  tqerature ,  combustion 
seve r i ty   a t   an   a l t i t ude  of Il0,WO feet in the 10- by lO-fout tunnel is 
approximtely the 6ame as a t  118,000 feet in  f l i gh t ,  as calculated f b m  
the severity parameter of reference 10. 

SUMMARY OF RESULTS 

The follawing results were obtained  during a study of the in terna l  
performance  of"a  28-inch ramget us ing   gasem 'hydrogen as a fuel at Mach 
number 3.6 i n  the NACA Lewis 10- by  IO-foot  supersonic wl-nd tunnel: 

1. Data indicate that burning was i n i t i a t ed  under severe  distortion 
conditions and that sat isfactory combustor operation was accamplished up 
t o  a pressure  a l t i tude of ll0,OOO feet at  zero angle of attack. Burning 
was a lso  accomplished at aagles of a t tack up t o  12' at pressure altitudes 
up t o  100,000 feet. 

2. Effect of altitude on the leve l  of cambustion efficiency  appeared 
t o  be negligible; how-ever, a6 a l t i tude  wa8 increased,  the  equivalence ra- 
t i o  necessary for e f f i c i en t  burning a l s o  increased. 

3. Perforated domes attached  to  the shrouds of the burner resulted 
i n  improved operation at low equivalence ratios . 

4. Shortening the combuatiau chaniber decreaeed the conibustim effi-  
ciency a t  the higher equivalence  ratios. ... . . 

*' 

h W i 6  Flight  Propulsian  Laboratory 
National A d v i s q  Cammittee f o r  Aeronautics 

Cleveland, Ohio, February 4, 1958 n 
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Figure 4 .  - Rear view of flameholder showing p i l o t  configuration. 
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d' (a) Angle of sttack, 0'. 

(b) Angle  of attack, 6'. 
.40 

a 30 
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 ass-flow ratio, m3/mg 

(c) Angle of attack, 12'. 

Figure 6. - Diffuser  performance  characteristics at a Mach number of 3.6. 
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Figure 7. - Inlet distorticm characteristics. 
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A 

4 

Equivalence ratio, cp 

(a) Effect of dcnne hole size and nozzle size on mbustor performance. 

mgure 9 .  - Steady-state combustor perfoonnance. Angle of attack, 0'; alti- 
tude, 77,000 feet. - 
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.1 .2 .3 .4 .6 .6 
Equivalence ratio, cp 

(b) E f f e c t  of combustion-chamber length on can- 
bustor performance. 

Flgure 9. - Concluded. Steady-state caibustor 
perfonaance. Angle of attack, 0'; altitude, 
77,000 feet. 
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0 .1 .2  .3 .4 .5 .6 
Equivalence ratio,  cp 

Figure 10. - Comparison of calculated  specific  -Use 
based on 100-percent canbution  efficiency with experi- 
mental data of configuration A .  
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Plgure 12. - Altitude effsot on combuaelon effloianay o t  configvration A a t  rerb angle of attaok. 
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